Two types of chemical-pressure effects on the Verwey-type transition in BaSmFe 2 O 5 are studied, viz., ionic-size contractions at the Ba and Sm sites. Whereas the replacement of Sm by the smaller Eu and Gd atoms increases the transition temperature T V from 232 K to 264 K, the Sr-for-Ba substitution decreases it from 232 K to 180 K for x = 0.15 in ͑Ba 1−x Sr x ͒SmFe 2 O 5 . Of various structural parameters determined by synchrotron x-ray diffraction above T V , the magnitude of the orthorhombic distortion ͑=b − a͒ is found to correlate with T V in a manner that unifies both substitution schemes. It is suggested that when an increase in b − a above T V is achieved by means of the structural substitution, it makes it easier for the d xz Fe 2+ orbital ordering to occur below T V .
I. INTRODUCTION
The A-site ordered double-perovskite phase AAЈB 2 O 5+␦ with the B-site occupied solely by iron was reported 1 for A = Ba and AЈ = Sm, Nd in 1999. At ␦ = 0, the BaRFe 2 O 5+␦ structure consists of repeated slabs of double-layered square pyramids, ͑FeO 5/2 ͒ 2n , filled with Ba and separated by the rare-earth-metal atom R. From 57 Fe Mössbauer spectroscopy, a valence mixing akin to the Verwey transition in magnetite ͑Fe 3 O 4 ͒ was revealed via observation of Fe 2+ and Fe 3+ states below the transition temperature T V and Fe 2.5+ above T V . 2 The transition is accompanied by abrupt changes in volume, entropy, and electrical conductivity and by the appearance of a small magnetoresistance effect. [3] [4] [5] Above the T V of 200-300 K (T V depending on R), the pseudotetragonal BaRFe 2 O 5 experiences a slight orthorhombic distortion that eventually vanishes at the Néel temperature T N of ϳ430 K (independent of R). 6 Below T V , a threedimensional charge ordering occurs. The resulting structure has alternating chains of Fe 2+ and Fe 3+ , 3, 7, 8 and exhibits an increased orthorhombic distortion that implies ordering of the doubly occupied d xz orbitals of Fe 2+ . 6, 9 This in turn explains why the charge-ordering pattern is not of the checkerboard arrangement that would minimize Coulombic repulsion if point charges only were considered. Variation of T V as a function of R in BaRFe 2 O 5 , 4, 6 shows that the charge and orbital ordering is most stable when R is small. The highest T V of 309 K is accordingly registered for R =Y. 9 This favorable effect of small R on the stability of the charge-ordered phase is interpreted in terms of diminishing interference of the "hard" R atoms with the large orthorhombic distortion that accommodates the d xz orbital ordering (in contrast to the behavior of the "soft" Ba atom). 4 The stability of the charge ordering decreases also with a departure from the ideal ratio of the two integer iron valences. Such an imbalance can either be induced by the added oxygen ␦, or by substituting the trivalent R with a divalent element such as Ca. Both are shown to depress T V , but in a different manner. 7, 10 This suggests the existence of a contribution from the chemical pressure (an atomic-size difference) for the case of Ca substitution. From a study on the physical-pressure effect on BaSmFe 2 O 5 it was learned that T V decreases with increasing hydrostatic pressure at a rate of approximately 57 K / GPa.
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In the present article, we show that the Verwey-type transition in ͑Ba, Sr͒RFe 2 O 5 is affected differently by chemicalpressure effects at the two A-cation sites, viz., R and Ba. In order to do so, two substitution series of the BaSmFe 2 O 5 parent phase are synthesized and investigated: BaRFe 2 O 5+␦ ͑R =Sm,Eu,Gd͒ and ͑Ba 1−x Sr x ͒SmFe 2 O 5+␦ ͑0 ഛ x ഛ 0.15͒.
II. EXPERIMENT
Syntheses and oxygen-content characterization. The polycrystalline samples were synthesized from high-purity BaCO 3 , SrCO 3 , R 2 O 3 , and Fe 2 O 3 / Fe, using two methods. The first was a ceramic synthesis followed by an oxygencontent control by Fe getter and tempering in 5% H 2 /Ar (R = Sm, Eu; see Ref. 12 for details). The second was a citrate nanoprecursor method, followed by equilibration and quenching (R = Gd; see Ref. Transition temperatures. Resistivities of the sintered samples were measured by a four-point method (a Quantum Design PPMS-9 instrument) as a function of temperature under magnetic field of 0 and 7 T. A magnetoresistancelike curve was obtained as the relative difference of these two series, and the peaks on this difference curve occurring at the Verwey transition were extracted by least-squares fitting as Gaussian curves on a fourth-order polynomial background. The peak top was regarded to be the transition temperature T V . Figure 1 illustrates this procedure.
Structural parameters. Synchrotron x-ray powder diffraction (SXPD) patterns were collected at the BL02B2 beamline of SPring-8, Japan, with radiation of the wavelength = 0.50075 Å for 5 -15 min on each sample sealed in a quartz capillary of 0.1 mm in diameter. An interval between 6°and 40°in 2 of the imaging-plate detector was scanned for use in Rietveld refinements by the RIETAN-2000 program.
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III. RESULTS AND DISCUSSION
In Fig. 2 , the effect of ionic radius 14 on the determined T V is compared for the substitutions at the R and Ba sites. It is seen that whereas decreasing ionic radius at the (Ba,Sr) site decreases T V , decreasing the size of the R atom does the opposite. In order to explain this behavior in terms of steric arguments, interatomic distances for the two substitution series were evaluated at a reference temperature of 300 K ͑T Ͼ T V ͒ (from the refined crystal-structure data listed in Tables I and II) for BaRFe 2 O 5+␦ and ͑Ba 1−x Sr x ͒SmFe 2 O 5+␦ . With allowances for somewhat different oxygen contents, these data are consistent with the earlier published data for the BaRFe 2 O 5+␦ phases. 1, 8, 10 It is seen from Tables I and II that the variations in lattice parameters show a marked difference between the two types of chemical pressure. That is, whereas the contraction of the ionic size at the R site shortens equally a, b, and c, the contraction in the ionic size at the Ba site leaves c unchanged and decreases only the longer one of the orthorhombic ͑a and b͒ parameters. In order to explain this observation, we need to note two important differences between these two sites in the parent phase BaSmFe 2 O 5 : (1) in terms of bond valence, the Sm site is underbonded whereas the Ba site is not, 1 and (2) the R atom is harder, less polarizable, and less deformable than Ba. Consequently, the decreasing size of R should contract the coordination cube RO 8 along all three directions in order to maintain the highest bond-valence sum. When the ionic size at the Ba site is decreased, the resulting underbonding is less severe and more efficiently eliminated by contraction within the ͑ab͒ plane as there is no Ba-O bond parallel with c. The fact that, in the end, only the b parameter is contracted must be associated with the high hardness of the R atom, which becomes more exposed as the diminishing ionic size at the Ba site "deflates" the structure. Accordingly, the orthorhombic distortion, as simply represented by the difference b − a, decreases with increasing Sr substitution level x (Table II) . While the orthorhombic distortion decreases with increasing Sr substitution level at the Ba site as one means of chemical pressure, it increases when the unit-cell volume is suppressed by replacing the larger R by a smaller R as the other means of chemical pressure. The common denominator of this behavior is the higher hardness of the R atom than that of the Ba atom, which allows the orthorhombic distortion to increase when R becomes smaller, but suppresses it when the ionic size at the Ba site decreases for a given R.
In Fig. 3 all the T V values that were determined in this study are plotted against lattice parameters a, b, and c, the unit-cell volume V, and the orthorhombic distortion, b − a. Only b − a provides a correlation with T V that is common for both substitution schemes. The occurrence of this correlation reflects an increasing stability of the charge-ordered phase (increasing T V ) via improving steric conditions for the d xz Fe 2+ orbital ordering. In a parallel application of the LeChatelier principle, we note that compression of the lattice by means of physical pressure decreases T V (Ref. 11) because V is increasing at the transition into the lowtemperature orbital-ordered state. Thus it is not surprising to observe that the orthorhombic distortion decreases under increasing hydrostatic pressure.
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Further analysis was carried out based on the refined structure data, in order to see other structural parameters that may correlate with T V . The chosen parameters are illustrated in Fig. 4 : the Fe-Fe distance across the R layer ͑L 1 ͒, the distance between the in-plane Fe atoms (L 2 ; along both a and b), the Fe-Fe distance across the BaO layer ͑L 3 ͒, and the buckling angle of the FeO 2 plane (; along both a and b). Figure 5 shows how these parameters correlate with T V . It is seen that there is no correlation common to both types of the isovalent substitutions investigated in this study. Individually, the T V values for the R-substitution series correlate with distances along c, in particular with L 1 , and this is directly related to the ionic size of R as discussed above. The values of T V for the Sr-for-Ba substitution series correlate accordingly with distances in the ͑ab͒ plane. As a function of the diminishing ionic size at the Ba site (which causes a decrease in T V ), L 2 ͑b͒ changes more profoundly than L 2 ͑a͒, as follows from the predominant contraction along b as a function of the increasing substitution level x. Interestingly, the buckling angle ͑b͒ does not become sharper as b contracts. The angle actually becomes more open as a function of increasing x, because the angle apex O(2) moves towards the center of the Table I iron-oxygen slab. The apex O(3) of the angle ͑a͒, which is along the shorter of the orthorhombic axes, does the opposite, and the angle becomes sharper even though the unit-cell parameter a is not changing. The process behind this can be followed from bond distances in Table II and understood by recollecting that Sm is slightly underbonded in terms of bond valence, whereas Ba is not. 1 According to the bond-valence distortion theorem, 15 the Sm coordination cube is distorted in order to keep the Sm bond-valence sum up. When the diminishing ionic size at the Ba site deflates the structure, the Sm underbonding, as well as the distortion of its coordination, decreases alongside. However, a further Sr-for-Ba substitution eventually produces a need for a further distortion of the Ba/ Sr coordination so that the bond-valence sum is maintained. There appears to be no other correlation revealed by inspection of the individual bond distances than such bondvalence effects and the already identified change in the orthorhombic distortion.
IV. CONCLUSIONS
Chemical-pressure effects were evaluated through two independent isovalent substitution schemes, viz., Sr-for-Ba substitution in ͑Ba 1−x Sr x ͒SmFe 2 O 5 and decrease in the R ionic size in BaRFe 2 O 5 . The results show that the Verweytype transition is affected according to a single criterion of how far the induced steric changes above T V resemble those needed to accommodate the d xz orbital ordering of Fe 2+ below T V . Because the d xz ordering proceeds upon an increase in orthorhombic distortion, T V as a measure of stability of the charge-ordered state increases with increasing orthorhombic distortion in the valence mixed state (distortion evaluated at 300 K). The local chemical-pressure contractions exerted by the two substitution schemes correlate in terms of T V with the previously studied 11 hydrostatic compressions only via the linkage between orbital ordering and orthorhombic distortion. This once again proves that the socalled chemical pressure is not the same as the physical pressure when exerted on structures exhibiting anisotropy of the bond network. Therefore, chemical-pressure substitutions in such structures are important means to control and tune the electronic properties. 
